In this work material parameters of cyclic plasticity for soft copper and CuCrZr alloy were determined using the combined non-linear isotropic and kinematic hardening law (the Frederick-Armstrong-Chaboche model) for the temperature range between 20 °C and 550 °C. These parameters are the initial kinematic hardening modulus, the rate of change of kinematic hardening modulus, the maximum change in the size of the yield surface and the rate of change of the yield surface size. Both precipitation-hardened and annealing-softened states were examined for CuCrZr alloy. A series of strain-controlled cyclic tensioncompression tests were conducted at four temperature levels. The parameters were calibrated with the stabilised loops of stress-strain curves. The predicted stabilised loops from FEM simulation with the calibrated parameters showed good agreement with the experimental result demonstrating the validity of the considered constitutive model.
Introduction
Thanks to its excellent thermal conductivity and proper mechanical strength, copper alloys have been considered to be a candidate material for the heat sink of plasma-facing components (PFC). Especially, precipitation-hardened CuCrZr alloy was already used as heat sink material for the water cooled PFC of large scale fusion devices such as Tore Supra, JET, Wendelstein-7X and ITER (International Thermonuclear Experimental Reactor) [1, 2] . CuCrZr alloy is further considered as heat sink tube of the PFC of fusion reactors [3] . On the other hand, soft copper is often used as a stress-relieving interlayer at the bond interface between armour and heat sink in a bi-material PFC.
The cyclic high-heat-flux loads caused by the pulsed plasma operation generate a repeated thermal stress variation in the PFC structure. In this circumstance, the soft copper bond layer may preferentially suffer from alternating plastic straining (low cycle fatigue) [4, 5] . Due to the strain-controlled loading nature progressive accumulation of plastic strains (incremental plastic collapse) will not occur [6] . Even the initially hardened CuCrZr heat sink may possibly experience such detrimental effect, when CuCrZr alloy undergoes irreversible softening caused by over-ageing [7] . This softening effect can occur by long term normal operation or by some accidental events.
To design a PFC with copper alloy heat sink, the possible structural failure mechanism should be identified in terms of cyclic plasticity behaviour and the structural lifetime should be assessed by computational analysis usually based on the finite element method (FEM). To this end, an appropriate material model of cyclic plasticity and corresponding materials data at elevated temperatures are needed. But, the extent of cyclic test data is normally fairly limited.
Currently cyclic stress-strain curves of hardened CuCrZr and OFHC (OxygenFree High-Conductivity) copper are available for temperatures from 20 °C to 500 °C [8] [9] . However, cyclic test data for over-aged (partly softened) CuCrZr are missing in the literature. Moreover, the experimentally identified material parameters required for FEM studies are scarcely available, since the literature data are primarily related to fatigue life measurements [10, 11] .
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The aim of this paper is to provide the material parameters for pure copper and CuCrZr alloy in terms of the Frederick-Armstrong-Chaboche constitutive model considering the annealing effect. To this end, extensive cyclic tests were carried out for temperatures ranging from 20 °C to 550 °C. The plastic parameters were determined by the numerical regression procedure. The quality of the calibrated parameters and the effect of softening by annealing are discussed.
Theoretical background
The constitutive model considered in this work is based on the yield criterion of von Mises, the associated flow rule, the non-linear isotropic hardening law of Chaboche and the non-linear kinematic hardening law formulated by Armstrong and Frederick [5, 12] . Being a special case of the general Chaboche hardening law, the Armstrong-Frederick hardening law takes only a dynamic recovery term into account [13, 14] . The origins of the kinematic and the isotropic hardening are attributed to the Bauschinger effect and strain hardening, respectively. 
Considering asymmetric hardening the von Mises yield criterion is given by
where α& denotes the backstress rate tensor, C the initial kinematic hardening modulus, the equivalent plastic strain rate and pl e ε& γ a constant determining the rate at which the kinematic hardening modulus decreases with increasing plastic strains. C and γ are the material parameters to be calibrated.
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The first term is the contribution of Ziegler's linear kinematic hardening and the second one is the non-linear relaxation term.
The non-linear isotropic hardening law is expressed as
where o σ denotes the initial size of the yield surface, Q the maximum change in the size of the yield surface and b defines the rate at which the size of the yield surface changes as plastic straining progresses. Q and b are the material parameters to be calibrated.
Four material parameters of the combined hardening law can be calibrated by the fitting method using the stabilised (saturated) loops obtained from a series of strain-controlled uni-axial cyclic tension/compression tests. 
Experiment
To obtain the stabilised stress-strain loops cyclic tension/compression tests were carried out with three kinds of copper metals, i.e., pure copper (99.99 %), precipitation-hardened (PH) CuCrZr alloy (as-received) and annealing-softened (AS) CuCrZr alloy (heat-treated at 700 °C for 1 h). The commercial designation of the CuCrZr alloy used for the testing was Elmedur-X (CuCr1Zr, 0.8 % Cr, 0.08 % Zr) provided by Thyssen Duro Metall. The heat treatment temperature for the precipitation hardening was 460 °C. The AS CuCrZr alloy was included to investigate the effect of over-ageing on the cyclic hardening behaviour. The over-aging would occur due to ripening of precipitates when a CuCrZr heat sink is exposed to long-term HHF loads. The copper specimens were also annealed for softening (heat-treated at 700 °C for 1 h).
The cyclic tests were conducted at four different temperature levels, namely, 20, 200, 400 and 550 °C. These temperatures would cover the whole temperature 4 range which may come into question concerning the HHF operation of a heat sink. Each test was carried out up to 50 load cycles in strain-controlled mode with a fixed strain range of -0.005 to +0.005 and strain rate of 0.0001/s. The half strain range 0.005 corresponds roughly to the predicted strain amplitude which would appear in a heat sink under expected HHF load.
The shape and the size of the specimens are illustrated in Figure 1 . No buckling failure was observed for this specimen geometry. The finite element mesh used for the fitting simulations is also shown.
Results of the cyclic tests
In Figures 2 (a) and (b), the cyclic stress-strain curves of soft copper are given for 20 °C and 400 °C, respectively. The initial stage of stress evolution is shown up to saturation. The observed cyclic hardening and thermal softening did not deviate from the literature results [15] . The cyclic stress-strain curves reach the stabilised (saturated) state within 10 to 15 load cycles. Such rapid saturation is ascribed to high stacking fault energy of copper which promotes the cross slip of dislocations leading to rapid stabilisation of the dislocation substructure [16] .
It was observed that the saturated curve of soft copper is nearly identical to that of cold-worked copper which can be explained also by high stacking fault energy. At 20 °C PH CuCrZr displayed no cyclic hardening but rather slight cyclic softening. The stress-strain response changed scarcely for the whole loading cycles so that the cyclic curves formed virtually a closed loop already from the early phase. The shape of the loop is fairly narrow indicating strong strain hardening. At higher test temperatures the characteristic cyclic softening becomes more noticeable but the shape of the loop remained unchanged. Much more cycles were needed to achieve the saturation state.
In the case of AS CuCrZr the cyclic softening effect disappeared completely, further the normal cyclic hardening behaviour with low strain hardening rate was 5 observed. The shape of the cyclic curves looks nearly identical to those of soft copper, although the flow stress levels of AS CuCrZr were somewhat higher than those of soft copper. This fact indicates that annealing at 700 °C for 1 hour was so effective that the induced over-ageing caused significant loss of precipitation hardening. This situation will be a limit case of the microstructure change during high-heat flux operation of a PFC.
Such behaviour was already reported in the literature for a Cu-7.5% Al alloy [17] . Manson suggested a qualitative rule in regard to the propensity for cyclic strain hardening or softening as follows: Initially soft metals for which the ratio of monotonic ultimate strength to 0.2% offset yield strength is larger than 1.4 exhibits cyclic strain hardening whereas initially hard metals for which the ratio is smaller than 1.2 shows cyclic softening [18] . According to Laird et al., the cyclic softening (i.e. Bauschinger effect) was attributed to the coarsening of a pre-existent dislocation cell substructure. The cyclic behaviour observed in this work agreed well with the general rule above.
Results of the plastic parameter calibration
Considering that low cycle fatigue failure occurs usually at least after several hundreds of load cycles, the parameters were calibrated using the saturation loops, since saturation in the current study was attained within 15 cycles. We utilised the built-in calibration procedure of the ABAQUS code for the FrederickArmstrong-Chaboche model as explained in the appendix.
The determined parameters of the three tested metals are listed for four temperatures in Tables 1, 2 Table 2 are due to the cyclic softening. To calibrate the initial yield stress o σ further fitting process was necessary. To this end, the cyclic tension-compression tests were simulated by FEM using the already determined parameters. In ABAQUS code γ is assumed to be independent of temperature. As this is not the case here, averaged values were used.
For verification of the calibration quality the stabilised stress-strain loops of all cyclic tension-compression tests were compared with the simulated loops. For the 6 FEM simulation exactly the same specimen geometry and boundary conditions were considered as in the acutal experiments. The results are summarised in Figures 5 (a), (b) and (c) . The FEM prediction (solid lines) coincided so well with the measured data (symbols) for all test temperatures that the solid lines are overlapped behind the symbol markers (thus nearly invisible). It should be noted that the visco-plastic effect was not included yet in the present work. Hence, the validity of the considered material model will be essentially restricted when creep becomes dominant.
Another related question is the validity of the parameters in the initial load cycles. For instance, the simulated initial stress-strain evolution of soft copper is compared in Figure 6 with the experimental curve at 20 °C. It is seen that only after 4 cycles fairly good agreement was achieved. All other test cases showed a similar trend.
Summary
In this work material parameters of cyclic plasticity for soft copper and CuCrZr alloy were determined using the combined non-linear isotropic and kinematic hardening law for the temperature range between 20 °C and 550 °C. For CuCrZr both precipitation-hardened and annealing-softened states were examined.
A series of strain-controlled cyclic tension-compression tests were conducted at four temperature levels. The parameters were calibrated with the stabilised loops of stress-strain curves. The 
